Symmetric cells with porous La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) electrodes on Gd 0.1 Ce 0.9 O 1.95 (GDC) electrolytes were aged at 800 • C for 800 hours in ambient air. Electrochemical impedance spectroscopy (EIS) measurements performed periodically at 700 • C showed a continuous increase of the polarization resistance from 0.15 to 0.34 · cm 2 . Three-dimensional (3D) tomographic analysis using focused ion beam-scanning electron microscopy (FIB-SEM) showed negligible changes due to the ageing, suggesting that the observed resistance increase was not caused by electrode morphological evolution. However, an increased amount, by a factor of 3, of a water-soluble Sr rich surface phase on the aged LSCF electrode was detected by an etching procedure coupled with inductively coupled plasma-optical emission spectrometry (ICP-OES). The electrochemical analysis in combination with the microstructural parameters determined by FIB-SEM was used to examine the effect of Sr segregation on the rate of oxygen surface exchange, based on the Adler-Lane-Steele (ALS) model. However, a number of MIEC materials including LSCF exhibit Sr surface segregation, which has been proposed to hinder the oxygen surface exchange process. [7] [8] [9] [10] [11] This is believed to be an important issue for the stability of advanced SOFCs utilizing MIEC cathodes. Still, most of the Sr segregation observations have been made on thin film samples, where it is straightforward to measure surface composition using techniques such as X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and secondary ion mass spectrometry (SIMS).
Mixed ionic-electronic conducting (MIEC) materials such as La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) have been studied and developed as solid oxide fuel cell (SOFC) cathodes, due to their high activity for the oxygen reduction reaction at intermediate temperatures (<800
• C). [1] [2] [3] [4] [5] [6] However, a number of MIEC materials including LSCF exhibit Sr surface segregation, which has been proposed to hinder the oxygen surface exchange process. [7] [8] [9] [10] [11] This is believed to be an important issue for the stability of advanced SOFCs utilizing MIEC cathodes. Still, most of the Sr segregation observations have been made on thin film samples, where it is straightforward to measure surface composition using techniques such as X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and secondary ion mass spectrometry (SIMS). [12] [13] [14] [15] Recently Rupp et al. 16 reported a novel technique utilizing chemical etching with on-line inductively coupled plasma optical emission spectrometry (ICP-OES) detection to successfully quantify Sr-rich surface phases on dense La 0.6 Sr 0.4 CoO 3-δ (LSC) thin films. There is only one report of a measurement of a practical porous LSCF electrode that showed Sr segregation, measured via XPS, along with electrochemical performance degradation. 11 The distinction between thin film and bulk electrode samples is potentially important. Thin films are often characterized by columnar growth with very high grain boundary densities, they may exhibit significant stress, and the thermal history is usually very different from that of porous electrodes (preparation mostly below 800
• C). Although the measured properties of well-prepared polycrystalline thin-film electrodes normally agree reasonably well with values from bulk materials, 17 in some cases such as epitaxial thin film electrodes, properties may deviate significantly. 18 Also, SOFC stacks with LSCF cathodes have been shown to provide reasonably stable long-term performance, 19 an observation that appears to be at odds with the Sr segregation and related degradation observed for thin-film LSCF.
In this work, we investigated the degradation mechanisms, especially Sr surface segregation, of porous LSCF cathodes. LSCF symmetric-electrode cells with Gd 0.1 Ce 0.9 O 1.95 (GDC) electrolytes were maintained at an elevated SOFC operating temperature of 800
• C for extended times, without current/polarization. Electrochemical degradation was monitored using impedance spectroscopy, while mor-phological changes of the electrode and Sr surface segregation were examined using a combination of three-dimensional (3D) tomography via focused ion beam-scanning electron microscopy (FIB-SEM) and surface composition measurements using XPS and chemical etching with ICP-OES detection. The chemical dissolution method, 16 when combined with LSCF electrode surface area measured from 3D image data, provided a quantitative measure of Sr surface coverage. The 3D imaging also showed that there were no observed changes by coarsening or sintering of the LSCF electrode microstructure, and this is thus ruled out as an influence which could be affecting electrochemical performance. The Adler-Lane-Steele (ALS) model 20 was applied, again making use of 3D image data, to examine the effect of Sr surface segregation on the oxygen surface exchange and diffusion processes.
Experimental
Cell preparation.-Symmetric-electrode cells were prepared starting with ∼0.5-mm-thick Gd 0.1 Ce 0.9 O 1.95 (GDC) electrolytes. The electrolytes were prepared by uniaxial dry-pressing from GDC powder (NexTech, Ohio) pellets, fired at 1450
• C for 6 hours to achieve nearly full density. Identical porous La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-δ (LSCF) electrodes, with ∼15 μm thickness, were applied symmetrically on both sides of the GDC electrolytes. The electrodes were prepared by first making an ink by mixing LSCF powder (Praxair, Washington) with a vehicle (Heraeus V-737) in a three-roll mill, screen printing the ink onto the electrolyte, and firing at 1100
• C in ambient air for 1 hour. The electrode cation stoichiometry, analyzed by ICP-OES after completely dissolving several electrodes in HCl, was determined to be La 0.61±0.01 Sr 0.39±0.01 Co 0.19±0.01 Fe 0.81±0.01 . Cell preparation was completed by screen printing gold current collector grids on the surfaces of both electrodes.
Electrochemical characterization and life testing.-Electrochemical life tests of the symmetrical cells were carried out in a tube furnace with both electrodes exposed to ambient air. Two identically-prepared cells were placed together in the furnace, but measured separately. The cells were aged at 800
• C with no applied current or potential. Electrochemical impedance spectroscopy (EIS) measurements were taken periodically (once per day) after reducing the furnace temperature and stabilizing at 700
• C. The entire measurement cycle, from 800
• C to 700
• C and back, typically took ∼1 hour. The measurement temperature (700
• C) was chosen as a typical LSCF-cathode SOFC operating temperature, whereas the ageing was done at the upper end of the expected operating temperature range, 800
• C, in order to accelerate any changes in cell performance. Potentiostatic EIS testing was taken using four lead wires on an IM6 Electrochemical Workstation (ZAHNER, Germany) with a 20 mV AC signal amplitude at a 0 V mean potential, measured over a frequency range of 100 mHz -100 kHz.
Microstructural characterization.-In order to examine the effect of the thermal ageing on the cell degradation, microstructural analysis was done using 3D FIB-SEM tomography. Identically-prepared cells were compared in the as-prepared state and after ageing. Cells were prepared for FIB-SEM serial sectioning by fracturing, infiltrating with low-viscosity epoxy (Buehler), and polishing, as described in detail elsewhere. 21, 22 Analysis was done on a dual-beam Zeiss 1540XB as well as on a FEI Helios. The secondary electron (SE) detector with an accelerating voltage of 2 kV was used; the relatively low energy provided optimal contrast between the epoxy-filled electrode pores and solid phases and prevented sample charging. Image segmentation and 3D reconstruction were done as described elsewhere. 22 Microstructural parameters such as porosity, tortuosity, surface areas and particle size distributions were then calculated based on the 3D data. An asprepared cell was used as a reference sample, for comparison with the life-tested cells.
Chemical characterization.-The as-prepared and aged cells were fractured into four fragments. The cell fragments were separately stirred for either 10 or 30 minutes in ultrapure H 2 O (produced by Barnstead Easypure II (18.2 M · cm −1 )). Subsequently, the samples were transferred into a 12 mol · L −1 solution of hydrochloric acid until the electrodes were completely dissolved. The ultrapure H 2 O and the concentrated HCl solutions were mixed with the appropriate amounts of water/HCl to yield 0.12 mol · L -1 solutions for ICP-OES analysis. A Thermo Scientific iCAP 6500 ICP spectrometer was employed, equipped with a peristaltic pump, nebulizer and cyclone for sample introduction, a quartz torch, an echelle spectrometer, and a charge injection device detector. The RF-power was set to 1200 W. A 0.8 L · Ar · min −1 auxiliary and a 12 L · Ar · min -1 cooling gas flow were applied. The liquid flow was set to 0.6 mL · min −1 and the nebulizer gas flow to 0.7 L · Ar · min −1 . The following background corrected emission lines were chosen for evaluation: Sr (346.446 nm), La (379.478 nm), Co (228.616 nm; 238.892 nm), Fe (239.562 nm; 259.940 nm). For quantification, certified stock solutions (1000 mg · L −1 from Merck KGaA) of La, Sr, Co and Fe were used for the preparation of calibration standards by dilution with 0.12 mol · L −1 HCl. Five replicates were measured at an integration time of two seconds for standards and samples.
XPS spectra were collected on a Thermo Scientific ESCALAB 205Xi to determine surface cation changes. Both as-prepared and aged samples were analyzed, with characteristic electron energy windows for all cations, as well as oxygen, collected. Copper tape was used to ground the samples to the stage to prevent sample charging. Gold, present from the current collector, was used as an internal standard for experimental energy offsets, as it is not expected to react with the electrode samples. Comparative analysis was performed by determining the relative integrated intensities for the present peaks for each cation for each sample. Changes in these intensities can suggest differences in relative amounts of valence for particular cations in a sample. However, quantitative analysis between samples, and indeed within a given sample, was not performed due to inconsistent variations between spots, as discussed below. Additionally, cobalt spectra were ignored due to the very low signal to noise ratio, likely due to the low concentration of cobalt in LSCF.
Results
Electrochemical characterization. -Fig. 1 shows the Bode and Nyquist plots of typical EIS data taken before (denoted "as-prepared") and after (denoted "aged") thermal treatment at 800
• C for 800 hours. Only one cell is shown here, since the other cell yielded similar results. EIS measurements enabled separation of the LSCF electrode polarization resistance and the GDC electrolyte ohmic resistance. The ohmic resistance (R ohm ), attributed primarily to the electrolyte, was measured from the high frequency intercepts with the real axis in the Nyquist plot. The polarization resistance (R pol ) was measured as the difference between the intercepts with real axis at low and high frequencies. Fig. 2 shows the R pol and R ohm values obtained from EIS measurements taken periodically during ageing. Data for the two identically-prepared cells are shown. The R pol evolutions are almost identical for the two cells, indicating good cell reproducibility. The difference mainly arises from the R ohm , presumably due to cell-to-cell variations, e.g. slightly different electrolyte thicknesses. The ohmic resistance increases by only 2.6% throughout the test. This may have resulted from slight electrolyte ageing, or minor degradation of the electrical contacts. On the other hand, the polarization resistance increased from 0.15 to 0.34 · cm 2 (∼120%) during the life test.
3D microstructural analysis. -Fig. 3 shows typical FIB-SEM cross-sectional images from the as-prepared (a) and aged (b) cells. Figs. 3c and 3d show the corresponding 3D reconstructions, with LSCF particles in green and the pores transparent. The images show a highly porous structure with considerable local variations -most of the volume consists of a uniform distribution of solid phase with pores, but there are also larger regions devoid of solid phase. Average microstructural parameters obtained from the reconstructions are summarized in Table I . The LSCF tortuosity τ was low, ∼1.2, and did not vary significantly after ageing. The porosity ε was ∼50%, as expected for typical MIEC electrodes, and increased ∼10% after ageing. Since a decrease in porosity is expected after ageing, it seems likely that the increase in ε was an artifact arising from the inhomogeneous porosity distribution, which results in a statistical variation in the porosity measured at different electrode regions. The LSCF surface area per unit electrode volume, a v , decreased by ∼10% after ageing. However, this can be attributed almost entirely to the reduced solid volume in that measured volume, as indicated by the higher ε value. The LSCF specific surface area, a, provides a more statistically relevant measure of LSCF structure since local porosity variations are cancelled out in dividing a v by the solid volume. There is only a slight decrease in a, from 10.34 μm −1 for the as-prepared electrode to 10.30 μm −1 for the aged electrode. This 0.4% change is well within the error limit of comparative FIB-SEM tomography measurements. 21 Based on these results, it can be concluded that ageing-induced changes in electrode porosity and surface area are small, ≤10%, and probably much less than that. Fig. 4 shows the LSCF feature size distributions, obtained from the 3D data using the method reported by Holzer. 23 The size distributions are essentially identical for the as-prepared and aged cells. These results, combined with the negligible change in LSCF specific surface area, makes it reasonable to conclude that there was no significant change in the electrode microstructure due to the thermal ageing. Hence, the measured degradation of the LSCF electrodes under these conditions cannot be explained by coarsening.
Sr surface segregation.-ICP-OES analysis. -Fig. 5 summarizes the water-soluble amounts of cations extracted after stirring the asprepared and aged electrodes for 10 or 30 minutes in ultrapure H 2 O. The amount was normalized to the 3D-tomography-derived LSCF surface areas given in Table I . For all samples, large amounts of watersoluble Sr (>1.1 nmol/cm 2 ) are found in comparison to insignificant amounts of La, Co, Fe cations (<0.05 nmol/cm 2 ) in the leaching solutions. This is in agreement with the very low water solubility of bulk LSCF but indicates the presence of a water-soluble Sr-rich layer on the surface of as-prepared LSCF electrodes. The amount of Sr found after stirring the as-prepared sample for 10 min is within the measurement error of the samples stirred for 30 min (error bars in Fig.  5 calculated by standard deviation of n = 3 samples). In agreement with Ref. 25 , we discuss this additional Sr in terms of SrO layers with a SrO monolayer being defined by a dense homogenous SrO coverage with a (100) orientation (lattice parameter of 0.516 nm). With this assignment, the present measurements indicate 1.04 ± 0.22 monolayers of surface SrO for the as-prepared samples (7.8 · 10 14 ± 1.65 · 10 14 SrO units/cm 2 ). This suggests that the as-prepared LSCF particles are terminated by a single SrO rocksalt layer. A similar result was obtained by the same method on as-prepared LSC thin films 16, 24 and by low energy ion scattering measurements on as-prepared LSCF thin films, 25 despite different thermal history. The aged LSCF electrode surfaces showed a strongly enhanced amount of Sr (from 1.30 ± 0.27 to 3.90 ± 0.92 nmol/cm 2 ), see Fig. 5 . Accordingly, drastic changes of the surface and near-surface composition of the LSCF particles took place upon ageing. Nominally, 3.13 ± 0.22 SrO monolayers on top of the LSCF electrode can be estimated from these results. However, there is also the possibility of an inhomogeneous Sr surface segregation with formation of much thicker islands, cf. results on degraded thin films. 15 Moreover, formation of other secondary phases such as Sr(OH) 2 and SrCO 3 as reaction products formed with absorbed gas either during ageing or during/after cooling of the samples cannot be excluded, given the favorable free energy of formation of SrCO 3 and Sr(OH) 2 from SrO. In any case this substantial amount of additional Sr on the surface is expected to modify the oxygen surface exchange kinetics and thus to degrade the electrode performance, see EIS measurements and discussion in the next section.
XPS measurements. -Fig. 6 shows representative XPS spectra, in the regions where the Sr 3d peaks are observed, obtained from the as-prepared and aged LSCF electrodes. The basic peak positions and intensities are similar to those reported previously for LSCF electrodes. 26 There was minor increase at the low energy satellite peak at 131.8 eV after ageing, but it is difficult to attribute this to a change Figure 6 . Sr 3d peaks from XPS analysis for the as-prepared and aged LSCF electrodes. in Sr surface coverage or Sr cation coordination. Measurements of the other cation peaks, not shown here, also showed peak positions and intensities similar to previous reports. 26 However, the peak intensities were inconsistent between probed X-ray spots, even on the same sample, making it impossible to observe changes in surface composition. It seems reasonable to conclude that the roughness and inhomogeneous porous electrode surface was not ideal for XPS measurements, so only the ICP-OES measurements are discussed below.
Discussion
Based on the above results, it appears that the main change in the LSCF electrodes upon ageing is an increased Sr surface coverage. The results in Electrochemical characterization section show that there is a substantial change in the EIS response due to ageing. Here we analyze the EIS data in an attempt to determine how Sr segregation affects the oxygen reduction reaction. Recently, it has been shown that the oxygen surface exchange rate k and solid-state oxygen diffusion coefficient D * can be estimated for porous MIEC electrodes by using the ALS model 20 combined with electrode microstructural data. 27, 28 As shown in Fig. 1 , electrode EIS data could be modeled reasonably well by an equivalent circuit consisting of an inductor (L), an ohmic resistance (R) and a modified Gerischer element (GE). Eq. 1 describes the impedance of the modified Gerischer element, 29 where α < 1, which has the similar form as the phenomenological HavriliakNegami dielectric dispersion relation. 30 This 'fractal' modification of the Gerischer expression gives a much improved model of the low frequency end of the data.
where R G is the Gerischer resistance and t G is the time constant. Fig. 1 shows the fits obtained, which yield the R G and t G values, given by the ALS model as:
where τ is the tortuosity, ε is the porosity, and a is the pore-electrode interfacial area per volume, given in Table I from the FIB-SEM data. The oxygen concentration, c mc , was approximated as 0.083 mol/cm 3 at 700 • C as measured by Mizusaki 31 for this LSCF composition. Based on oxygen nonstoichiometry, the oxygen vacancy fraction, χ v , and the thermodynamic factor, A 0 , were estimated to be 0.035 and 1.85, respectively. 27, 32, 33 With the above quantities known, and R G and t G determined from the EIS fitting shown in Fig. 1 , k and D * are calculated from Eqs. 2 and 3. The results are shown in Table II .
The calculated k and D * values are within the range of reported values for LSCF, also shown in Table II . The k and D * values decreased by 56% and 45%, respectively, due to thermal ageing at 800
• C for 800 hours. The decrease in k seems reasonable given the tendency of SrO to block the surface exchange process. 14 The reason for the change in D * is not so clear, and a few possibilities are discussed here. First, it has been shown that the Sr surface segregation is accompanied by Sr depletion in the sub-surface region, 34 and this could have an impact on bulk oxygen diffusion. Second, D * may include a component of surface diffusion as well as bulk diffusion 28 and the former would certainly be affected by Sr surface segregation. Third, it has been shown that the processes represented by k and D * are intimately linked, raising questions as to how readily they can be separately measured. 35, 36 
Conclusions
Ageing of LSCF symmetric-electrode cells with GDC electrolytes, carried out at 800
• C for 800 hours in ambient air, resulted in an increase of the electrode polarization resistance by about 120%. 3D tomographic analysis indicated no significant microstructural changes due to ageing. ICP-OES measurements of selectively dissolved surface species indicated that a Sr-rich surface phase, corresponding to 1.04 ± 0.22 atomic layers of SrO, was present, in good agreement with reports on Sr-doped perovskite-type oxide thin films. The amount of surface Sr increased by ∼3 times after the thermal ageing. Therefore, it is reasonable to conclude that Sr surface segregation, rather than microstructural changes, caused the increased LSCF polarization resistance. By applying the measured impedance response and calculated microstructural parameters to the ALS model, estimated k and D * values were obtained. The k values was observed to decrease by ∼50% with thermal ageing, presumably explained by the increase in surface Sr. D * was also observed to decrease by ∼50% after ageing, possibly due to Sr depletion in the sub-surface LSCF.
